We demonstrate how the configuration and magnitude of a magnetic field, applied during magnetron sputtering of a NiFe/IrMn bilayer, influence the magnetic properties of the structure, such as hysteresis loop shape, coercivity, and exchange bias. Furthermore, we illustrate that it is possible to create a stepwise hysteresis loop in the sample's region with the highest field gradient. The found features can be used for future sensor applications.
Introduction
A large exchange bias effect in ultrathin or granular structures is employed for sensors and memory applications [1] [2] [3] . Large thickness of ferromagnetic layers and existence of exchange bias, independent of its value, are important factors for sensors based on the magnetoimpedance effect [4] [5] [6] . Exchange bias in polycrystalline films is employed in read-head technology and MRAM devices due to the possibility of tuning magnetic properties of ferromagnets (FMs) and antiferromagnets (AFMs) through the proximity effects in FM/AFM thin film structure [2, 7] . Another application, requiring tunable magnetic properties by means of an in-plane magnetic anisotropy of soft magnetic thin films is monolithic microwave integrated circuits [8] . This inplane magnetic anisotropy can be induced by an exchange coupling with an AFM layer. Magnetic features of exchange-biased systems can be used to create stepwise magnetic hysteresis loops, which have a potential to increase the sensitivity and implement the secure passive magnetic tags [9] [10] [11] .
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In this application, a rich harmonic spectrum of signal induced in pick-up coils is required. The features in the spectrum can be caused by the magnetization reversal processes of magnetic systems with peculiar and easily tunable hysteresis loops.
The tuning of magnetic properties (hysteresis loops shape, coercivity, and exchange bias) of thinfilm structures with exchange bias for different applications can be realized by changing either the deposition conditions or the method of sample synthesis [7, 12, 13] . To observe a controllable stepwise hysteresis loop for an exchange-coupled structure, it should typically comprise of at least two ferromagnetic layers [14] [15] [16] . Two FM layers can possess either both in-plane or out-of-plane anisotropies, or one can have in-plane and the other out-of-plane anisotropy [17] [18] [19] [20] .
Depending on the composition of the ferromagnetic layer and sputtering conditions, growth of large grains in layers can occur, and thus the exchanged-biased bilayers may exhibit asymmetrically-shaped hysteresis loops owing to an in-plane reorientation of the ferromagnet easy magnetization axis [21] [22] [23] . To obtain exchange bias, the sample of exchange-coupled systems should be grown in the presence of a homogenous magnetic field, sufficiently strong to induce an unidirectional anisotropy.
In this work we consider a novel method for achieving a controllable stepwise hysteresis loops by applying an inhomogeneous magnetic field during deposition of a FM/AFM structure using a magnetron sputtering system.
Experimental details
The main idea of this study is to control magnetic properties of FM/AFM structures using an inhomogeneous magnetic field that was applied during thin film deposition. For this purpose, we have used two NdFeB permanent magnets of curved shape to create an external magnetic field in the deposition camera of a magnetron sputtering tool. The (100) oriented Si substrate (10*20 mm 2 ) was placed between these two magnets such that it remained stationary relative to the magnets during the deposition process, with the magnetic field being applied in-plane to the substrate. Thus, various magnitudes and configurations of magnetic field were realised in the substrate plane (Fig. 1) . Figure 1 illustrates the distribution of the magnetic field simulated by Comsol Multiphysics. The arrows show the direction of the magnetic field. The black frame schematically shows the region where the substrate was placed. Thus, one can observe that the substrate is located in regions with either high curvature of magnetic field or almost homogeneous magnetic field.
The magnitude of the magnetic field between the two magnets was mapped point by point using a Hall probe, with a step of 2 mm. The measured values are presented in Fig. 2 . The black grid shows the locations of substrate regions. One can therefore conclude that the regions 3, 4, 5, and 6 are located in the most homogeneous magnetic field, whereas regions 1, 2, 7, and 8 are in the most inhomogeneous field.
The deposition process was thus performed in the presence of in-plane magnetic field with the above described magnitude and configuration. The sputtering process was done in an Ar atmosphere with a pressure of 3*10 -3 Torr. The layer thicknesses were set by the deposition time. The deposition rates were estimated from measurements of the thickness of the calibration samples using Rutherford backscattering.
Thin film structures were deposited onto a (100) Si substrate. The buffer Ta layer with a thickness of 30 nm was deposited onto the substrate to improve the growth of further layers. Then, 10 nm of Ni 75 Fe 25 layer was fabricated by co-deposition from the two separate targets. After that, the layer of Ir 45 Mn 55 with a thickness of 20 nm was sputtered from the single alloy target. The last layer of 30 nm of Ta was deposited on top of all structures to prevent them from oxidation. After the deposition, the thin film was cut into pieces with the area of 5*5 mm 2 . The crystalline structure of samples was studied with an X-ray diffractometer (Bruker D8 Discover) using Cu radiation with wavelength of 0.154 nm. Figure 3 shows typical XRD patterns of these structures, with clearly observable peaks for Ta (200), IrMn (111), and NiFe (111) crystallographic planes. Such peaks are usually observed for exchange-biased NiFe/IrMn systems [24, 25] . Atomic Force Microscopy (AFM) imaging showed that the roughness of individual NiFe and IrMn films, grown on Ta buffer, is of 2 nm and 1 nm, respectively [26] . Therefore, we assume the interface between the NiFe and IrMn to be rather smooth.
The magnetic properties of the samples were investigated using a Vibrating Samples Magnetometer (VSM, Lake Shore, Model 7400). For each sample, the hysteresis loops were obtained for in-plane geometry of the magnetic field of the VSM at different azimuthal angles. The azimuthal angle of 0° corresponds to the co-directed field of VSM and applied field during the deposition marked as y axis in Fig. 1 (i. e., perpendicular to the surfaces of the magnetic pole plates).
Results and discussion
The reasoning provided below is based on observing the inhomogeneity of the magnetic field described in Sec. 2 ( Figs. 1 and 2 ). One can note that since the magnetic field applied during sample deposition in regions 3 and 4 was found to be uniform, the azimuthal dependence of exchange bias for the samples from these regions shows classical behavior for exchange-coupled bilayer structures with in-plane unidirectional anisotropy. The maximal exchange bias and rectangular hysteresis loop is detected along the easy axis of magnetization of the film (angles 0°, 180°, 360°, See Fig. 4 ), whereas the exchange bias being absent, coercivity being near zero and hysteresis loop being tilted along the hard axis of magnetization (angles 90° and 270°). An existence of increased exchange bias at the angles multiple of 45° can be explained by different effects, for example, by the occurrence of a domain wall in AFM-layer [27, 28] . But this needs further investigations.
For regions 5 and 6, the partial deviation of the magnetic field direction from that of regions 3 and 4 is observed. Thus, the corresponding deviation of the uniaxial anisotropy in small areas in the plane of the film should appear because of a distribution of the local anisotropy ( Figure 5 is a scheme illustrating this effect). As a result, the exchange bias along the easy axis of magnetization is slightly less than corresponding values for regions 3 and 4, where the uniaxial anisotropy is stronger, and the exchange bias of small values up to 9 Oe arises along the hard axis of magnetization.
For regions 1 and 2, there is observable increased inhomogeneity of the magnetic field with significant deviation of the field lines from those in regions 3 and 4, therefore the unusual exchange bias behavior for the samples from these two regions is found: (i) the large exchange bias accompanied by the large coercivity at additional angles of 45° (negative shift) and 225° (positive shift), (ii) tilting of the hysteresis loops measured at 0° and 180° near switching field, and (iii) larger values of the exchange bias at 90° and 270° than those for previous regions. Hence, in these regions there is a co-existence of two areas with different orientation of a unidirectional anisotropy axis (schematically shown in Fig. 5) . Moreover, the hysteresis loops taken at angles 45°, 315° and 135°, 225° coincide in pairs for regions 3 and 4, but not for regions 1 and 2. This fact, in addition to (i) and (ii), means that the declination of a unidirectional anisotropy axis in parts of the sample has angles less than 90° and the anisotropy energy of the area with more declined axis is quite small because an inhomogeneity of magnetic field in the region leads to distribution of local anisotropy as it was found for region 5 and 6.
The magnetic field in regions 7 and 8 is the most twisted compared with all previous regions (Fig. 1) . As a result, the hysteresis loops of the samples from these regions are of the highest interest because they manifest the presence of a stepwise shape loop. There are observed full separations of hysteresis loops into two sub-loops similar to trilayer thin-film structures with exchange bias [29, 30] . The hysteresis loops for region 7 are shown in Figure 6 . Thus, we can conclude that the planes of the films are parted into two almost identical areas (Fig. 5) with magnetizations M 1 and M 2 , which are determined by the step heights of the hysteresis loops. Regarding the sub-loops being located on both sides of the Y-axis, we can suggest that these two areas have opposite orientation of the unidirectional anisotropy axis. The complex forms of hysteresis loops appear during magnetization reversal at all angles. The angular dependence of hysteresis loops for samples from regions 7 and 8 is similar to that for regions 1 and 2.
The angular dependences of the exchange bias and coercive force, estimated from the hysteresis loops, are presented in Figure 7 . For regions 7 and 8 the values were estimated separately for every subloop, i.e. for each area. From these dependencies, one can elucidate the difference in anisotropy properties of the samples discussed in this section.
Conclusions
We have demonstrated that presence of an inhomogeneous magnetic field during the deposition leads to dramatic changes in the magnetization reversal process of an exchanged-coupled thin film structures. A low gradient of the magnetic field results in altered values of the exchange bias. Meanwhile, a large gradient affects both the magnitude of the exchange bias and the magnetization reversal mechanism of the NiFe/IrMn bilayer thin film. These features provide the ability to expand the field of applications of the exchange bias effect. 
